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Abstract. Soil fungi link above- and belowground carbon (C) fluxes through their interac-
tions with plants and contribute to C and nutrient dynamics through the production, turnover,
and activity of fungal hyphae. Despite their importance to ecosystem processes, estimates of
hyphal production and turnover rates are relatively uncommon, especially in temperate hard-
wood forests. We sequentially harvested hyphal ingrowth bags to quantify the rates of Dikarya
(Ascomycota and Basidiomycota) hyphal production and turnover in three hardwood forests
in the Midwestern United States, where plots differed in their abundance of arbuscular (AM)-
vs. ectomycorrhizal (ECM)-associated trees. Hyphal production rates increased linearly with
the percentage of ECM trees and annual production rates were 66% higher in ECM- than
AM-dominated plots. Hyphal turnover rates did not differ across the mycorrhizal gradient
(plots varying in their abundance of AM vs. ECM trees), suggesting that the greater fungal
biomass in ECM-dominated plots relates to greater fungal production rather than slower fun-
gal turnover. Differences in hyphal production across the gradient aligned with distinctly dif-
ferent fungal communities and activities. As ECM trees increased in dominance, fungi inside
ingrowth bags produced more extracellular enzymes involved in degrading nitrogen (N)-bear-
ing relative to C-bearing compounds, suggesting greater fungal (and possibly plant) N demand
in ECM-dominated soils. Collectively, our results demonstrate that shifts in temperate tree spe-
cies composition that result in changes in the dominant type of mycorrhizal association may
have strong impacts on Dikarya hyphal production, fungal community composition and extra-
cellular enzyme activity, with important consequences for soil C and N cycling.
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INTRODUCTION
Forests mitigate the effects of climate change by
sequestering carbon (C) in woody biomass and soils
(Pan et al. 2011), and many of the factors that control C
and nitrogen (N) cycling in ecosystems are driven by
plant–microbe interactions occurring belowground
(Phillips et al. 2013, Frey 2019, Lu and Hedin 2019).
Free-living saprotrophic fungi form the base of the detri-
tal food web and perform key ecosystem services by
recycling growth-limiting nutrients such as N and stabi-
lizing soil organic matter (SOM). Likewise, root-associ-
ated mycorrhizal fungi can be the dominant pathway for
C inputs to soil (Godbold et al. 2006, Clemmensen et al.
2013) and control C and N cycling through their effects
on SOM decomposition (Talbot et al. 2008). Despite the
importance of fungi to ecosystems, only a handful of
studies have quantified the rates of hyphal production
and turnover (e.g., Ekblad et al. 2016, Hendricks et al.
2016, Hagenbo et al. 2017), and even fewer studies have
examined how fungal communities influence hyphal pro-
duction and turnover across space and time (Cairney
2012, Hagenbo et al. 2018, Averill et al. 2019b). A better
understanding of how hyphal production and turnover
rates vary in different forests will improve our ability to
predict the magnitude and direction of feedbacks
between tree species composition and soil C dynamics,
both of which are essential for informing Earth System
Models aimed at predicting future forest C sink.
Nearly all tree species associate exclusively with either
arbuscular mycorrhizal (AM) or ectomycorrhizal
(ECM) fungi (Brundrett and Tedersoo 2018), and both
mycorrhizal types are sympatric across most of the tem-
perate zone (Read 1991, Jo et al. 2019, Steidinger et al.
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2019). Soils dominated by either AM- or ECM-associ-
ated tree species often possess different communities of
fungi (Rosling et al. 2016) and bacteria (Bahram et al.
2020, Beidler et al. 2020), which may be partly explained
by mycorrhizal group variation in plant nutrient use
traits (Averill et al. 2019a, b), leaf litter quality (Cornelis-
sen et al. 2001, Sun et al. 2018, Keller and Phillips 2019)
and root litter quality (See et al. 2019). However, the
ecosystem consequences of microbial community varia-
tion are poorly understood. Cheeke et al. (2017)
reported that as the percentage of ECM trees in a tem-
perate forest increase, standing fungal biomass of
Dikarya (Basidiomycota, Ascomycota) in soil increases,
suggesting that soil fungi may be the primary drivers of
the observed biogeochemical variation. Whether the
greater fungal biomass detected in ECM soils is driven
by ectomycorrhizal or saprotrophic fungi is not clear. In
a recent trenching experiment in a temperate hardwood
forest (Indiana, USA) in which hyphal ingrowth bags
were inserted into PVC tubes to create a mycorrhizal
and root-free environment, phospholipid fatty acid anal-
ysis (PLFA) showed that saprotrophic fungi produced
almost twice as much mycelia in ECM stands relative to
AM stands (Midgley and Phillips 2019). However,
another study (Quebec, Canada) showed that sapro-
trophic taxa were more abundant in temperate forest
plots dominated by AM-associated tree species relative
to ECM-associated tree species (Carteron et al. 2020).
It is also unclear whether the greater standing fungal
biomass reported in ECM soils (Cheeke et al. 2017)
results from higher rates of hyphal production or slower
hyphal turnover (i.e., rate at which hyphal biomass is
replaced per unit time; Finlay and Clemmensen 2017).
Studies of mycorrhizal fungi suggest a relatively slow
turnover rate (months to years) for ECM fungal biomass
(Treseder et al. 2004, 2005, Pritchard et al. 2008), while
turnover rates for AM fungal biomass are presumed to
be much shorter (days to weeks; Staddon et al. 2003, Var-
gas and Allen 2008), although a recent study suggests
AM turnover rates on the order of weeks to months
(Schäfer et al. 2019). Moreover, differences in fungal bio-
mass may relate to saprotrophic fungi, as mycorrhizal
fungi represent only part of the total fungal community
in soil. Turnover for saprotrophic fungal biomass appears
to overlap with mycorrhizal fungi, and may range from
weeks to months (Moorhead and Reynolds 1992, Rousk
and Bååth 2007). However to date, there have been no
comparisons of hyphal production and turnover rates
across stands varying in relative abundance of AM- vs.
ECM-associated tree species in the same forest.
Differences in the relative dominance of different fun-
gal guilds may be responsible, in part, for the observed
differences in C, N, and P cycling between AM- and
ECM-dominated stands (Phillips et al. 2013, Lin et al.
2016, Rosling et al. 2016, Craig et al. 2018). For exam-
ple, AM, ECM, and saprotrophic fungi differ in a num-
ber of traits (Tedersoo and Bahram 2019) including
hyphal exploration strategy (Agerer 2001), which could
have consequences for biomass and necromass build-up
and turnover in soil. Ectomycorrhizal fungi have a vari-
ety of hyphal growth strategies, including both short-dis-
tance and long-distance explorers (Agerer 2001), while
AM fungi are thought to explore shorter distances
(Churchland and Grayston, 2014). Saprotrophic fungi
vary in their hyphal extension rate, e.g., ranging from 0.2
to 10.8 mm/d (Maynard et al. 2019). This variation in
hyphal exploration type and/or extension rate may lead
to variation in fungal biomass production in ECM rela-
tive to AM forests. Moreover, melanized cell walls in
ECM species such as Cenococcum geophilum are resis-
tant to decay (Fernandez and Koide 2014), allowing
buildup of ECM necromass in soil, which could increase
soil C (Fernandez et al. 2019, Beidler et al. 2020), at least
in the short term. Saprotrophic fungi and many ECM
fungi also produce extracellular enzymes that release
nutrients from SOM (Talbot et al. 2013), a process that
reduces soil C and recycles N (Lindahl and Tunlid
2015). Given the shifts in dominance of AM- vs. ECM-
associated tree species that are currently occurring across
the temperate forest region due to changing climate, N
deposition, and fire suppression (Averill et al. 2018, Jo
et al. 2019), it is critical to understand how hyphal pro-
duction and turnover rates vary in forests that differ in
tree species composition (Frey 2019). However, investi-
gations of how shifts in fungal communities influence
hyphal production and activity in forests that contain
both ECM- and AM-associated tree species are rare,
and most previous studies have been conducted in pine
forests, where ECM dominate (Cairney 2012).
In this study, we utilized sequentially harvested hyphal
ingrowth bags to quantify Dikarya biomass and varia-
tion in hyphal production and turnover rates across
“mycorrhizal gradients” of plots differing in abundance
of AM- and ECM-associated tree species in Indiana,
USA, to assess drivers of standing fungal biomass in
soil. To explore links between fungal communities and C
and nutrient cycling, and to identify key taxonomical
and functional groups contributing to hyphal produc-
tion and turnover, we analyzed fungal community com-
position and quantified extracellular enzyme activity in
both ingrowth bags and in soil. We hypothesized that (1)
plots dominated by ECM-associated tree species would
have greater Dikarya hyphal production but similar
turnover rates compared to plots dominated by AM-as-
sociated trees, (2) Dikarya hyphal production in
ingrowth bags would be dominated by ECM fungi in
plots dominated by ECM-associated trees, and would be
dominated by saprotrophic fungi in plots dominated by
AM-associated trees (e.g., Hagenbo et al. 2019), (3) myc-
orrhizal communities detected in ingrowth bags would
be similar to those found in soil, and that (4) the enzy-
matic activities of the fungi growing inside the bags
would follow the patterns observed in bulk soil: greater
N-degrading enzymes in ECM-dominated plots and C-
degrading enzymes in AM-dominated plots (Cheeke
et al. 2017).
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METHODS
Site description
This study was conducted across mycorrhizal forest
gradients in three temperate hardwood forests in central
Indiana, USA. Griffy Woods (GW) is a 75-ha research
forest within the Griffy Nature Preserve in Monroe
County (39.19441 N 86.50923 W), with trees approxi-
mately 70–80 yr old. Morgan Monroe State Forest
(MMSF) is an AmeriFlux site located in south-central
Indiana (39.32325 N 86.41318 W), with trees that are
approximately 80 yr old. Lilly-Dickey Woods (LDW) is a
223-ha forest in Brown County (39.23982 N 86.21858 W),
with trees that are > 150 yr old (Johnson et al. 2018).
Although previous work showed that standing fungal
biomass based on ergosterol, PLFA, and qPCR was
greatest in the oldest forest (LDW), all three forests
showed similar patterns of fungal biomass in soil across
their respective mycorrhizal gradients (Cheeke et al.
2017). Soils in these forests are unglaciated, silty-loams
derived from sandstone, shale, and limestone. Central
Indiana has hot, humid summers and cold, dry winters
with mean annual precipitation of 1,200 mm and mean
annual temperature of 11.6°C.
Within each forest, nine plots (15 × 15 m) were
selected to create three replicate mycorrhizal gradients
driven by variation in the dominant type of mycorrhizal
association formed by tree species. There was one full
mycorrhizal gradient in each forest for a total of 27 plots
in the study. Plots were identified as ECM (≥70% ECM-
associated tree species by basal area), AM (≥70% AM-
associated tree species), or mixed plots (containing
approximately 40–60% mixture of AM and ECM tree
species). Tree species in these forests that form associa-
tions with AM fungi include sugar maple (Acer saccha-
rum), white ash (Fraxinus americana), tulip poplar
(Liriodendron tulipifera), black walnut (Juglans nigra),
black cherry (Prunus serotina), and sassafras (Sassafras
albidum). ECM-associated tree species include bitternut
hickory (Carya cordiformis), pignut hickory (Carya gla-
bra), shagbark hickory (Carya ovata), American beech
(Fagus grandifolia), white oak (Quercus alba), chestnut
oak (Quercus prinus), northern red oak (Quercus rubra),
and black oak (Quercus velutina; for more information
see Table S1 in Cheeke et al. 2017).
Methods for estimating fungal biomass and characterizing
fungal communities
Since no single method can accurately estimate the
biomass or characterize the composition of entire soil
fungal communities simultaneously (AM, ECM, and
saprotrophic fungi), we focus on estimating rates of
hyphal production and turnover of Dikarya (Basidiomy-
cota and Ascomycota) and characterizing the commu-
nity composition of the predominantly non-AM fungal
community across the temperate forest gradient. We do
this for several reasons: (1) Cheeke et al. (2017) showed
greater standing biomass of Dikarya in ECM, relative to
AM plots across the forest gradient, however, it was not
clear whether this pattern was driven by higher rates of
hyphal production or slower rates of hyphal turnover;
(2) esterified ergosterol is a fungal biomarker commonly
used to quantify Dikarya biomass, however, ergosterol is
known to be variable, and even absent in some AM fungi
(Olsson et al. 2003); (3) the timescale at which we har-
vested our hyphal ingrowth bags (2-month intervals)
may have been too long to capture the turnover rates of
AM fungi (previous estimates of AM turnover times
range from days to months); and (4) most primers are
not well suited to capture the both AM and non-AM
fungal communities simultaneously. We focus this study
on Dikarya using ITS2 amplicons (AM fungal commu-
nities are often characterized using the SSU rRNA gene
or portions of the LSU rRNA gene; Hart et al. 2015).
Although AM fungi, a key component of the fungal
community, are missing from the results presented here,
we aim for this study to be a first step in elucidating
potential drivers of higher standing Dikarya biomass
previously reported in ECM relative to AM plots across
this temperate hardwood forest gradient (Cheeke et al.
2017). For a more detailed discussion of methodological
considerations, see Appendix S1.
Hyphal ingrowth bags
Hyphal ingrowth bags (2 × 10 cm, cylindrical design)
were constructed using 50-μm nylon mesh (Sefar, Buf-
falo, New York, USA) allowing for ingrowth of fungal
hyphae but not plant roots or larger soil organisms (Wal-
lander et al. 2001). Ingrowth bags were filled with 40 g
of washed and dried silica sand (Fairmount Handy
Sand, Sugarland, Texas, USA) heated to 500°C in a muf-
fle furnace for 5 h to remove organic matter. Sand-filled
ingrowth bags have been used in a number of studies to
selectively capture ECM hyphae (e.g., Hagenbo et al.
2017). The low organic matter content of the bags is
thought to discriminate against saprotrophic fungi (Wal-
lander et al. 2001, 2010, Parrent and Vilgalys 2007),
although Hagenbo et al. (2019) showed that sapro-
trophic fungi can also colonize ingrowth bags depending
on, e.g., incubation time and forest age. For further
methodological considerations on the use of ingrowth
bags for trapping fungal hyphae, including potential
biases against short-distance ECM hyphal exploration
types, see Appendix S1.
Harvest and sampling of hyphal ingrowth bags
Ingrowth bags were installed in each plot across the
replicated mycorrhizal gradients in May 2014 and
sequentially harvested and replaced in 1- or 2-month
intervals to quantify variation in Dikarya hyphal bio-
mass in each plot over a growing season (Fig. 1). One
set of bags (i.e., “long-term” bags) was installed in each
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plot in May and remained undisturbed in the soil until
December (Fig. 1). Triplicate bags were buried just
below the soil surface at a 45° angle (Wallander et al.
2013) in each plot, for a total of 405 ingrowth bags
installed over the course of the experiment. At each har-
vest, new bags were inserted into the same holes to mini-
mize disturbance and all sampling was performed in a
12 × 12 m internal plot to minimize edge effects. At each
harvest, the three replicate bags in each plot were pooled
into one composite sample per plot. Samples for ergos-
terol and DNA extraction were freeze-dried, homoge-
nized, and stored in the dark at room temperature and
samples for enzyme assays were stored at −80°C.
Given that sand-filled bags may discriminate against
certain fungal groups (Wallander et al. 2013), we also
deployed ingrowth bags (7 × 12 cm) filled with 80%
acid-washed sand and 20% site-specific soil (80 g of sub-
strate per bag) in each plot in the previous year (2013)
and harvested using the same harvesting scheme
(Fig. 1). Correlations between fungal biomass in sand-
only and sand/soil bags, as well as fungal biomass data
from the sand/soil ingrowth bags deployed over the 2013
growing season, are presented in the supplemental infor-
mation (Appendix S2: Figs. S1, S2). Here, we focus on
ingrowth bags with only sand to more easily compare
our data with previous studies on hyphal production and
turnover (e.g., Hagenbo et al. 2017).
Soil sampling
Soil samples collected in 2013 (0–5 cm) were used to
compare fungal community composition in soils with
the fungal community composition of ingrowth bags
collected across the mycorrhizal gradients in 2013 (con-
taining sand/soil mix) and 2014 (containing sand only).
Soil samples were also collected from a subset of plots in
September 2014 (0–7 cm, n = 18 plots in MMSF and
LDW) to confirm that standing fungal biomass in soils
collected in September 2013 was similar to those col-
lected September 2014 (Appendix S2: Fig. S3). Data on
soil properties and nutrients (pH, C, N), ergosterol con-
centrations, and enzyme activities were previously
reported (Cheeke et al. 2017).
Quantification of fungal biomass
Dikarya fungal biomass was quantified from samples
(5 g from ingrowth bags, 1 g from soil) using the fungal
biomarker ergosterol, the most common sterol of
Ascomycota and Basidiomycota and commonly used to
estimate ECM fungal biomass in ingrowth bag studies
(Wallander et al. 2013). Using established methods
(Nylund and Wallander 1992), esterified ergosterol was
extracted with 10% KOH in MeOH, filtered through a
0.45-μm teflon filter, and 50 μL of each sample was ana-
lyzed using high performance liquid chromatography,
with a C18 reverse-phase column (Nova-Pak; 3.9 ×
150 mm; Waters, Milford, Connecticut, USA) preceded
by a C18 reverse-phase guard column (Nova-Pak; 3.9 ×
20 mm; Waters). The ergosterol peak was detected at
282 nm using an UV detector. Fungal biomass was
determined from ergosterol concentrations using a con-
version factor of 3 μg ergosterol/mg dry sample (Sal-
manowicz and Nylund 1988) and a correction factor (1/
0.62) to compensate for unextracted ergosterol (Mont-
gomery et al. 2000). Carbon content was estimated from
fungal biomass data based on approx. 45% C concentra-
tion (Taylor et al. 2003). For more methodological con-
siderations on the use of ergosterol for quantification of
fungal biomass, see Appendix S1.
Rates of hyphal turnover and production
To determine rates of Dikarya hyphal turnover (μ), an
exponential decay model was applied to hyphal biomass
data from each plot across the gradient (see Ekblad
et al. 2016 for model assumptions, and Hagenbo et al.
2017 for application in boreal forests). Briefly, ergosterol
data was used to quantify Dikarya biomass in ingrowth
bags at each harvest (bags a–d) and over the entire grow-
ing season (bag e; see Fig. 1 for harvesting scheme). We
then used the Goal Seek function of Excel to estimate
the rate of Dikarya hyphal turnover (μ) across the gradi-
ent, as Dikarya hyphal biomass from bags a + b + c + d
is expected to be lower than the biomass in bag e due to
loss by hyphal turnover (Hagenbo et al. 2017). Site-
specific correlations from a subset of nine ingrowth bags





FIG. 1. Incubation scheme for hyphal ingrowth bags installed and harvested between May and December 2014. Ingrowth bags
were installed in each plot in May, harvested and replaced in July (a), September (b), and November (c), with a final harvest in
December (d). Long-term bags (e) remained in the soil from May to December. Three replicate bags were incubated in each plot
and pooled before analysis to capture spatial heterogeneity within each of the 15 × 15 m forest plots. The study included three tem-
perate hardwood forests in Indiana, USA, with replicated mycorrhizal gradients, and nine plots in each forest.
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(three from across the gradient in each site) were used to
estimate the turnover rate in the November–December
incubation period (d), as ingrowth bags were not
deployed in all plots after tree leaves had senesced. The
mean residence time of Dikarya hyphae was calculated
as 1/μ for each plot. Dikarya hyphal production rates (p)
were determined from bags a–e using the following
equation as described in Hagenbo et al., 2017: p = B
(t)μ/(1 −e-μt), where the change in hyphal biomass B(t) is
a function of hyphal production (p), hyphal turnover (μ),
and incubation time (t). Dikarya production and turn-
over rates from each plot (kgha−1d−1) were then used
to estimate annual Dikarya fungal biomass production
in each plot (kgha−1yr−1) assuming a 200-d growing
season (Brzostek et al. 2014).
DNA extraction, PCR amplification, and sequencing
DNA was extracted from 0.30 g (approximate dry
mass) of soil and 0.50 g of material from ingrowth bags
using a CTAB extraction process (Clemmensen et al.
2016). Briefly, samples were homogenized in a Precellys
bead-beating machine and 1,000 μL CTAB buffer (3%
cetyltrimethylammonium bromide, 2mmol/L EDTA,
150 mmol/L Tris-HCL, 2.5 mol/L NaCl, pH 8) was
added to each tube. Samples were incubated in CTAB at
65°C for 1 h. DNAwas extracted with 500 μL of chloro-
form and precipitated by 500 μL of isopropanol. The
precipitated DNA was washed with ethanol, resus-
pended in double deionized water, and quantified using
a NanoDrop. The internal transcribed spacer (ITS)
region is the universal barcode for fungi, and ITS2
amplicons were produced using the forward primer
gITS7 (GTGARTCATCGARTCTTTG; Ihrmark et al.
2012) and the two mixed reverse primers ITS4 (75%; 50-
TCCTCCGCTTATTGATATGC-30; White et al. 1990)
and ITS4arch (25%; 50-CACACGCTGTCCTCGCCT-
TATTGATATGC-30; Rosling et al. 2016), elongated
with unique identification tags (Clemmensen et al.
2016). PCR was run in 50-mL reactions with 25 μL
DNA template (diluted to 0.5 ng/μL), 0.2 mmol/L of
each nucleotide, 0.75 mmol/L MgCl2, forward primer at
0.5 μmol/L, reverse primer at 0.3 μmol/L and 0.5 U
polymerase (DreamTaq, Thermo Fisher Scientific, Wal-
tham, MA, USA) in PCR buffer on a 2720 Thermal
Cycler (Thermo Fisher Scientific). PCR conditions were
5 minutes at 94°C, 25–35 cycles of [30 s at 95°C, 30 s at
56°C, 30 s at 72°C] and 7 minutes at 72°C. The number
of cycles (25–35) was adapted for each sample to give
weak to moderately strong bands on the agarose gel with
approximately the same strength for all samples to avoid
oversaturation and distortion of the PCR pool. Three
pooled PCR replicates from each sample were purified
using the AMPure XP (Beckman Coulter, Agencourt,
Indianapolis, IN, USA) according to the manufacturer’s
instructions, and quantified using a Qubit 2.0 fluorome-
ter (Thermo Fisher Scientific). The products were mixed
in equal amounts into four pools, and cleaned using the
E.Z.N.A. Cycle Pure Kit (Omega bio-tek, Norcross,
Georgia, USA). Adaptor ligation and Pacific Bio-
sciences RSII sequencing (Pacific Biosciences, Menlo
Park, California, USA) were performed by SciLifeLab
(National Genomics Infrastructure, Uppsala, Sweden)
using 6 SMRT cells.
Sequence analyses
Raw sequence reads from all samples together were
analyzed using the bioinformatics pipeline SCATA (Ihr-
mark et al. 2012; available online).7 Sequences were qual-
ity filtered and screened for primers and identification
tags as described in Kyaschenko et al. (2017) with some
adjustments. After removal of sequences with mean
quality of 20 bases and lower or containing bases with
quality of 3, sequences (complementary reversed, if
needed) were searched for primers and identification
tags. Only sequences containing matching tags at both
ends were retained. All sequences were clustered into
study-level species hypotheses (SHs; Kõljalg et al. 2013)
using a 1.2% threshold distance for sequences to enter
an SH. Sequence data are stored at NCBI’s Sequence
Read Archive (see Data Availability). To remove non-
fungal sequences, the representative sequences from each
SH were compared against GenBank nucleotide data-
base using BLASTn, after which we used MEGAN
(Huson et al. 2011) for the BLAST results and fasta file
to assign the lowest common ancestor and identify
sequences that were not fungal (Balint et al. 2014). The
representative sequences from each study-level SH were
then compared to all global SHs using the massBLA-
STer through the PlutoF platform in UNITE (Abaren-
kov et al. 2010) and assigned to appropriate taxonomic
level (at least 97% similarity was required for species-
level identification, 90% for genus, 85% for family, 80%
for order, 75% for class, and 70% to division/phylum), in
order of decreasing global relative abundance until 70%
of the sequences were covered. Study-level SHs were
assigned to ecological functions using FUNGuild soft-
ware (Nguyen et al. 2016; see Appendix S2). See Data
S1 for functional groups and exploration type assign-
ments for the 834 most common identified OTUs
(Agerer 2001), and Data S2 for relative abundance in soil
(2013) and ingrowth bag samples (2014).
Extracellular enzyme activity
The potential activity of five extracellular enzymes,
acid phosphatase (AP), associated with phosphate mobi-
lization; β-N-Acetylglucosaminidase (NAG), involved in
depolymerizing organic N; β-glucosidase (BG), associ-
ated with cellulose degradation; polyphenol oxidase
(Phenox) and peroxidase (Perox), both associated with
lignin degradation, was measured using established
methods (Saiya-Cork et al. 2002) from ingrowth bags
7https://scata.mykopat.slu.se
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harvested across the mycorrhizal gradients in July 2014.
Enzyme stoichiometry (BG activity/NAG or AP activ-
ity) was used to determine the relative investment in the
decomposition of C-, N-, or P-containing compounds
across the mycorrhizal gradients. Potential extracellular
enzyme activity rates were calculated as μmol reacted
substrateg−1 soilh−1.
Calculations and statistical analysis
Rates of Dikarya hyphal turnover (μ) were deter-
mined using the Goal Seek function of Excel (as in
Hagenbo et al. 2017) and used to estimate Dikarya
hyphal production rates and mean Dikarya hyphal resi-
dence times as described in the Methods. Statistical
analyses were performed using Rv.3.1.2 (R Core Team,
2014). To test for significant differences in Dikarya
hyphal production, turnover, and residence time, and
extracellular enzyme activity across the mycorrhizal
gradient, single linear regressions were performed with
percentage of ECM-associated tree species in each plot
(by basal area) as the independent variable and depen-
dent variables were Dikarya hyphal turnover rate, mean
residence time, hyphal production rate, and enzyme
activities of BG, AP, NAG, Phenox, and Perox. Differ-
ences in enzyme stoichiometry across the gradient were
evaluated similarly using BG activity divided by NAG
or AP activity in each plot (to obtain a ratio of C to
nutrient-degrading activity) as the dependent variables.
Pearson’s correlations were used to determine the rela-
tionship between concentration of ergosterol and extra-
cellular enzyme activity in the ingrowth bags. Fungal
communities in hyphal ingrowth bags and soil were
analyzed using multivariate methods in CANOCO 5
(Microcomputer Power, Ithaca, New York, USA). Vari-
ation of fungal community (total fungal community;
807 SHs, and ECM fungal community; 177 SHs, see
Data S1 and Data S2) was visualized using detrended
correspondence analysis (DCA). Separate multivariate
analyses were done for hyphal ingrowth bags, soil, and
ingrowth bags and soil samples together, based on the
individual samples. Correlations between site, mycor-
rhizal type (AM, ECM, and mixed), harvest time,
ergosterol concentration, and enzyme activities (soil
samples only), and both the total and ECM fungal
community were tested using canonical correspondence
analysis (CCA) with Monte Carlo permutations. Addi-
tionally, one CCA was done for a subset of ingrowth
bags (July samples) where the available enzyme activity
data were included. Treatment level communities were
calculated as ergosterol-weighted averages of relative












where Ei is the ergosterol concentration in treatment i,
Rxi relative abundance of species X in treatment i, and n
is the total number of samples in a treatment, to account
for different fungal biomass in different ingrowth bags.
For hyphal ingrowth bags and soil separately, treatment-
level communities were calculated per plot, i.e., integrat-
ing fungal communities from all sampling times. Corre-
lations between either mycelial production (average
production per year, n = 23) or mycelial turnover (an-
nual turnover rate, n = 26) with site and mycorrhizal
type, and their relationship with both the total and
ECM fungal community, was tested using redundancy
analysis (RDA) with Monte Carlo permutations (total
fungal community) and CCA (ECM community). The
DCAs, CCAs, and RDA reported were performed with
identified communities (with the exception for an overall
comparison of the total communities in all ingrowth
bags and the soil samples), but additional analyses (not
reported) were done with total fungal communities
including all study-level SHs to confirm that they pro-
duced the same pattern as the subset of identified SHs.
To compare overall distribution of fungal functional
groups in soil with ingrowth bags harvested at different
times and for different mycorrhizal treatments, ergos-
terol-weighted averages of relative abundances of func-
tional groups in ingrowth bags (separately for harvest
times July, September, November and long-term across
all forest sites and mycorrhizal types, and separately for
the mycorrhizal types AM, mixed and ECM across for-
est sites and harvest times) and soil (one composite value
across all sites, harvest times and mycorrhizal types)
were calculated using Eq. 1. Species data were arcsine
transformed to achieve normal distribution before all
multivariate analyses, with the exception for the RDAs
where species data was log-transformed. Rare SHs were
down-weighted in DCA and CCA of the total fungal
community analysis using default settings in Canoco.
Diversity measurements (SHs richness and Shannon
Wiener H index) based on all study-level SHs are
reported as averages ( SE) per site × mycorrhizal type
× harvest time.
RESULTS
Effect of dominant mycorrhizal association on hyphal
production, turnover, standing fungal biomass, and hyphal
residence time
Dikarya hyphal biomass production increased linearly
with increasing abundance of ECM-associated tree spe-
cies across the mycorrhizal gradient (Fig. 2a;
Appendix S2: Table S1). Annual Dikarya hyphal pro-
duction rates (based on a 200-d growing season) were
1.7 times higher in ECM plots relative to AM plots
(ECM plot mean 73.3  7.4 kgha−1yr−1; AM plot
mean 44.2  7.2 kgha−1yr−1). Dikarya hyphal produc-
tion rates ranged from an average of 0.22  0.04
kgha−1d−1 in AM plots, to 0.28  0.03 kgha−1d−1 in
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mixed plots, and 0.37  0.04 kgha−1d−1 in ECM plots
(Appendix S2: Table S1), with an average hyphal produc-
tion rate of 58.6  4.5 kgha−1yr−1. Estimates of C con-
tributions from Dikarya mycelia range from an average
of 1.99  0.33 g Cm−2yr−1 in AM plots, 2.56  0.29
Cm−2yr−1 in mixed plots, and 3.30  0.33 g Cm−2-
yr−1 in ECM plots (Appendix S2: Table S1). Estimates
of standing Dikarya biomass in soil collected in Septem-
ber 2014 were similar to soil samples collected in
September 2013 (Appendix S2: Fig. S3).
Dikarya hyphal turnover rates did not differ across
the mycorrhizal gradient (Fig. 2b; Appendix S2:
Table S1) or by plot type (AM, ECM, or mixed plots;
F2,14 = 1.01, P = 0.39). Dikarya hyphal turnover rates
ranged from one to eight times per year, with an average
turnover rate of 3.5  0.3 times per year (Fig. 2b,
Appendix S2: Table S1), based on a 200-d growing sea-
son. The mean residence time of Dikarya hyphae ranged
from 26 to 147 d and did not differ significantly across
the mycorrhizal gradient (Fig. 2c).
Sequencing output
Sequencing generated a total of 628,270 reads, of
which 259,646 reads passed quality control (QC). After
removal of non-fungal sequences (5,679 reads, corre-
sponding to 2.2% of reads that passed QC) and single-
tons the remaining 246,945 reads clustered into 5,616
study-level SHs, out of which the most common 834
SHs (76% of the sequences in the ingrowth bags from
2014 and 70% of the sequences in soil samples from
2013) were subjected to taxonomic and functional iden-
tification (Data S1, Data S2). Each sample had an aver-
age of 281 reads (971 maximum, 200 minimum). The
sequence data showed distinct differences in fungal com-
munity composition among the different forest plot
types (plots dominated by AM-associated tree species,
ECM-associated tree species, and plots containing a
mixture of AM/ECM trees). See Data S3 for relative
abundance for the most common identified OTUs in
sand/soil ingrowth bag samples from 2013.
Fungal community composition
Ingrowth bags incubated across the mycorrhizal gradi-
ents were colonized by distinct fungal communities, with
the largest difference found between the AM- and ECM-
dominated plots (Fig. 3). Phyla in the sequence data,
hereafter referred to as the “total fungal community”
(Data S1), included primarily Ascomycota and Basid-
iomycota (Dikarya) but also some Mucoromycota (com-
prises Glomeromycotina, Mortierellomycotina, and
Mucoromycotina; sister to Dikarya; Spatafora et al.
2016). Total fungal communities in ingrowth bags were
significantly related to mycelial production (kg−1ha−1-
d−1) for the total fungal community in each plot (RDA;
not shown, Table 1; P = 0.028), but this correlation did
not hold for the ECM community (CCA; not shown,
Table 1). Mycelial production, site and mycorrhizal type
collectively explained 28.5% of the variation in total fun-
gal community, and 25.5% of variation in ECM commu-
nity. Mycelial turnover was not related to either total
fungal or ECM community composition in ingrowth
bags (RDA and CCA for plot-level community; not
shown). Community composition in ingrowth bags
based on all individual samples was significantly related
to mycorrhizal type, harvest time, and site (CCA;
Appendix S2: Fig. S4, Table S2). In AM plots Mortier-
ella sp., Cladosporium, Ochrocladosporium, Hypocreales,
Xylariales, Dothideomycetidae, and Sordariomycetes
were common (Fig. 3). In ECM plots, Laccaria bicolor,
Tomentella ellisii, and putative ECM Meliniomyces sp.
FIG. 2. Hyphal production, turnover, and residence time in mycorrhizal gradients in the three temperate hardwood forests
Griffy Woods (GW, circles), Lilly-Dickey Woods (LDW, squares), and Morgan Monroe State Forest (MMSF, triangles) in central
Indiana, USA. (a) Hyphal biomass production increased linearly with increasing abundance of ectomycorrhizal (ECM)-associated
tree species (R2 = 0.27, P = 0.01, n = 23 plots) but there were no differences in (b) hyphal turnover rate (R2 = 0.08, P = 0.19,
n = 23 plots) or (c) hyphal residence time (R2 = 0.04, P = 0.39, n = 23 plots) across the mycorrhizal gradients. ECM abundance
was measured as a percentage of basal area. Symbols are color coded according to plot type (black symbols indicate forest plots
containing ≥ 70% ECM-associated tree species, white symbols indicate plots that contain ≥ 70% AM-associated tree species, and
gray symbols indicate mixed AM/ECM plots). Hyphal production data were collected from hyphal ingrowth bags (sand-only) har-
vested sequentially across the gradient fromMay to December 2014. Four plots were excluded from the final analysis due to outliers
or missing values at one or more of the sampling times over the growing season. Annual turnover rates are based on a 200-d grow-
ing season.






















































FIG. 3. Variation in fungal community composition in ingrowth bags (sand-only) incubated in mycorrhizal gradients with
increasing abundance of ectomycorrhizal (ECM) tree species in three forests (GW, LDW, MMSF), as visualized by (a) a sample plot
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were commonly occurring (Fig. 3), together with Aman-
ita sp., C. geophilum, and Thelephora friulana
(Appendix S2: Fig. S4). The distribution of functional
groups differed among mycorrhizal treatments; ingrowth
bags from ECM plots had the highest proportion of
ECM fungi and also more ECM fungi compared to soil,
while ingrowth bags from AM plots had more sapro-
trophic fungi, putative endophytes, and plant pathogens
(Fig. 4). In ingrowth bags across the gradient, 177 SHs
were classified as ECM. ECM community composition
showed a less clear overall separation between AM and
ECM plots, but when considering each site separately,
the different mycorrhizal types separated and especially
ECM plots differed from mixed and AM plots
(Appendix S2: Fig. S5). No pattern was found regarding
ECM exploration types. When ECM sequences were
removed from the analysis, we saw similar patterns for
ingrowth bags (Appendix S2: Fig. S6a) and soil
(Appendix S2: Fig. S6b).
The fungal community patterns in ingrowth bags
largely mirrored those found in soil (Appendix S2:
Fig. S7), with separated communities in AM- and
ECM-dominated plots. In soil, Russula spp. and Athe-
liaceae were common (Appendix S2: Fig. S7). There
was higher variation in relative abundance for SHs
among plots varying in mycorrhizal tree dominance
(not shown), compared to ingrowth bags. Communities
in soil were also significantly related to mycelial pro-
duction for the total fungal community at the plot
level (RDA; P = 0.019, not shown), and significantly
related to the ECM community (CCA; P = 0.022, not
shown). In soil, 145 of the identified SHs were classi-
fied as ECM. Turnover was not related to composition
of either total soil fungal or ECM communities (RDA
and CCA plot-level community; not shown). Hyphal
production, site and mycorrhizal type collectively
explained 29.3% of the variation in total fungal com-
munity, and 24.6% of variation in ECM community.
Community composition in soil based on all individual
samples was significantly related to mycorrhizal type
(AM, ECM, mixed), harvest time, site, enzyme activi-
ties (significant effects: AP; P = 0.002, Perox;
P = 0.002) and fungal biomass (P = 0.002), explaining
27.8% of the variation. When comparing community
composition in ingrowth bags (2014) directly with soil
(2013), there was a clear separation between ingrowth
bag and soil samples (Appendix S2: Fig. S8). When
also including ingrowth sand/soil bags from 2013, the
community composition of those mostly overlapped
with soil samples (also from 2013), but with similar
compositional patterns regarding mycorrhizal type
(Appendix S2: Fig. S9). The separation between
ingrowth bags and soil was partly explained by higher
abundances in soil of, e.g., C. geophilum, SHs within
Russulaceae and Atheliales (Piloderma sp.), and higher
abundances in ingrowth bags of, e.g., L. bicolor, Cla-
dosporium, Ochrocladosporium, and Dothideomycetidae
(Appendix S2: Fig. S8), but not by any obvious differ-
ences in functional group distribution (Fig. 4). Func-
tional group distribution in ingrowth bags from 2013
(sand/soil; Appendix S2: Fig. S10) were similar to the
ingrowth bags containing only sand. Finally, some SHs
TABLE 1. Effect of mycelial production, mycorrhizal type, and
site on plot-level total fungal and ectomycorrhizal (ECM)
community composition in ingrowth mesh bags incubated












0.028 6.8 0.31 5.1
Mycorrhizal type
AM 0.028 7.6 0.14 5.5
ECM 0.040 6.0 0.70 4.4
Mixed 0.26 4.8 0.40 4.8
Site
GW 0.035 6.4 0.078 5.6
LDW 0.11 5.4 0.47 4.8
MMSF 0.035 6.0 0.34 5.0
Notes: The effect was evaluated by redundancy analysis
(RDA) of the identified total fungal communities and canonical
correspondence analysis (CCA) of the identified ECM commu-
nities, and conducted on species hypothesis level (n = 807 and
n = 177 for total and ECM communities, respectively). Signifi-
cant values (P < 0.05) are highlighted in boldface type. AM,
arbuscular mycorrhizal associated communities. Sites are identi-
fied inMethods: Site description.
and (b) species plot of a detrended correspondence analysis (DCA) based on PacBio sequencing of amplified ITS2 markers. DCAs
were based on 807 fungal taxa. Circles are color coded according to (a) plot type (yellow symbols represent fungal community com-
position in forest plots dominated by arbuscular mycorrhizal [AM]-associated tree species, blue symbols indicate samples from plots
dominated by ectomycorrhizal [ECM]-associated tree species, and green symbols indicate plots that contain a mixture of AM and
ECM associated tree species) and (b) functional groups with area indicating relative abundance of the 40 most abundant orders/gen-
era. Circles are color coded according to functional group: gray indicates unknown functional group, dark green indicates sapro-
trophic fungi, light green indicates saprotrophic microfungi, pink indicates root ascomycetes, purple indicates ECM fungi, blue
indicates plant pathogens, brown indicates animal pathogens, and dotted lines indicate unsure functional group classifications. Axes
1 and 2 explained 4.9% and 3.6%, respectively, of the total inertia of 6.72.
FIG. 3. (Continued)
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were only found in ingrowth bags (Amanita rubescens,
one Russula sp., Sebacina sp., Tomentella sp.), but were
rare.
Seasonal variation in mycelial biomass in ingrowth bags
and fungal community composition across the gradient
Mycelial biomass was highest in ingrowth bags har-
vested in July (1.05  0.14 mg mycelia per bag, n = 27;
Appendix S2: Fig. S11), followed by those harvested in
September (0.48  0.05 mg mycelia per bag, n = 27;
Appendix S2: Fig. S11) and November (0.26  0.05 mg
mycelia per bag, n = 27; Appendix S2: Fig. S11), and
was lowest in December (0.13  0.03 mg mycelia per
bag, n = 9). The long-term bags that were incubated
from May to December had an average of
0.53  0.05 mg mycelia per bag (n = 26 plots). This cor-
responded to a higher proportion of ECM fungi in
ingrowth bags in July compared to November
(Appendix S2: Fig. S12), especially in ECM plots
(Appendix S2: Fig. S13). At most harvest periods, fungal
biomass (mg mycelia per bag) increased with increasing
percentage of ECM-associated tree species with the
exception of bags harvested in November (Appendix S2:
Fig. S11). Overall species richness (based on all study-
level SHs) in ingrowth bags increased over time
(P = 0.009; July < November < September < long-
term), mostly showing the opposite pattern to mycelial
biomass in ingrowth bags. In contrast, overall species
richness in soil decreased over time (P < 0.001, May >
July > September). When comparing average diversity
between all treatment levels there were some significant
effects of harvest time, mycorrhizal type, site, and for the
interaction term site × harvest (Appendix S2: Fig. S14,
Table S3). The distribution of functional groups in
ingrowth bags varied over time; a higher proportion of
ECM fungi (~30% of amplicons) was found in July and
September bags compared to 12% in November and
20% in long-term incubated bags (Appendix S2:
Fig. S12).
Effect of dominant mycorrhizal association on enzyme
activity and enzyme stoichiometry in ingrowth bags
Activities of NAG, AP, and BG in the ingrowth bags
increased linearly with increasing abundance of ECM-
associated tree species across the mycorrhizal gradient
(Fig. 5a–c). Phenox activity also increased linearly
across the mycorrhizal gradient (Appendix S2:
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FIG. 4. Distribution of fungal functional groups in (a) ingrowth bags (sand-only) and (b) soil in stands dominated by arbuscular
mycorrhizal (AM)-associated tree species, mixed tree species, and ectomycorrhizal (ECM)-associated tree species, as estimated by
PacBio sequencing of amplified ITS2 markers. Abundances are given as the percentage of the identified amplicon sequences (ac-
counting for 76% and 70% of total sequences for mesh bags and soil, respectively), and were ergosterol-weighted averages of relative
abundances per treatment, calculated across three replicate mycorrhizal gradients and different harvest times. Number of counts
per treatment are given above bars.
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across the gradient (Appendix S2: Fig. S15b). Extracel-
lular enzyme activities of NAG, AP, and BG were posi-
tively correlated with ergosterol concentrations in the
ingrowth bags (Appendix S2: Fig. S16). Shifts in enzyme
stoichiometry in hyphal ingrowth bags demonstrated
that microbial investment in the degradation of C-con-
taining vs. N-containing compounds decreased linearly
with increasing abundance of ECM-associated trees spe-
cies across the mycorrhizal gradient (Fig. 5d). There was
no difference in microbial investment in the degradation
of C-containing compounds vs. P-containing com-
pounds across the gradient (Fig. 5e).
DISCUSSION
Shifts in the relative abundance of AM vs. ECM trees
owing to global change (Jo et al. 2019, Steidinger et al.
2019) are likely to have profound consequences for
ecosystem C and nutrient cycling given differences in
how the two tree types influence soil processes (Phillips
et al. 2013, Soudzilovskaia et al. 2019). Yet, while dis-
tinct biogeochemical syndromes are often apparent in
AM vs. ECM-dominated forest plots, the role of micro-
bial communities, as opposed to variation in tree traits,
is poorly understood. In this study, we investigated the
degree to which variation in fungal communities (and
fungal activity) can contribute to observed variation in
soil C and N cycling. We found that the greater Dikarya
biomass reported in ECM-dominated forest soils relates
to higher rates of Dikarya hyphal production (and not
slower Dikarya hyphal turnover), and that variation in
fungal communities across the landscape can have pro-
found effects on soil C and N cycling. Of the fungi iden-
tified, we found a larger proportion of saprotrophic
fungi in temperate forest stands dominated by AM-asso-
ciated tree species compared to stands dominated by
ECM-associated tree species; ECM stands were domi-
nated by ECM fungi mixed with saprotrophic fungi.
Taken together, our results provide some of the first evi-
dence connecting the attributes of microbial communi-
ties to the observed biogeochemical differences between
AM and ECM-dominated forests.
Standing fungal biomass is determined by hyphal
production, not turnover
Using hyphal ingrowth bags sequentially harvested
over a growing season in three temperate hardwood for-
ests in the Midwestern United States, we found that
standing fungal biomass of Dikarya in temperate forest
soils was driven by greater rates of Dikarya hyphal pro-
duction, rather than slower Dikarya hyphal turnover
FIG. 5. Extracellular enzyme activity of (a) β-N-acetylglucosaminidase (NAG, R2 = 0.44, P = 0.0002), (b) acid phosphatase
(AP, R2 = 0.28, P = 0.004), and (c) β-glucosidase (BG, R2 = 0.23, P = 0.01) increased linearly with increasing dominance of ecto-
mycorrhizal (ECM)-associated tree species across the mycorrhizal forest gradient in Griffy Woods (circles), Lilly-Dickey Woods
(squares), and Morgan Monroe State Forest (triangles), Indiana, USA (n = 27 plots). The degradation of carbon (C)-containing
compounds vs. nitrogen (N)-containing compounds decreased linearly with increasing ECM-associated trees species across the myc-
orrhizal gradient as determined by (d) ln(BG/NAG) stoichiometry (R2 = 0.29; P < 0.01, n = 27 plots) but there was no difference
in (e) the degradation of carbon (C)-containing compounds vs. phosphorus (P)-containing compounds across the mycorrhizal gra-
dient as determined by BG/AP stoichiometry (R2 = 0.002, P = 0.84, n = 26 plots). Enzyme analyses were performed on samples
from ingrowth bags (sand-only) collected across the replicate mycorrhizal temperate forest gradients in July 2014.
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(Fig. 2). Across a mycorrhizal gradient varying in the
relative abundance of AM- and ECM-associated tree
species, rates of hyphal production were 66% higher in
plots dominated by ECM-associated tree species com-
pared to plots dominated by AM-associated tree species,
confirming part of our first hypothesis. This finding is
consistent with those from a trenching experiment con-
ducted in a nearby forest, which reported greater fungal
production in ECM-dominated soils relative to AM-
dominated soils (Midgley and Phillips 2019). Despite the
variation in tree species composition, dominant mycor-
rhizal association, and fungal community composition,
we detected no differences in hyphal turnover rates or
hyphal residence times across the mycorrhizal gradient.
Taken together, our data show that the variation in
standing fungal biomass in these temperate forests
(Cheeke et al. 2017) was driven by higher rates of hyphal
production, in contrast to a recent study in boreal forests
in Sweden in which ECM hyphal turnover was the main
driver (Hagenbo et al. 2017). One caveat of our study is
that our methods did not specifically measure the effect
of AM hyphal production on the variation in standing
fungal biomass across the gradient or the impact of AM
fungi on overall turnover rates. Thus, the absolute fungal
production and/or turnover rates across the gradient
may differ from those observed in the Dikarya commu-
nity.
Hyphal production and turnover rates vary among forest
types
Our estimates of Dikarya hyphal production (mean
58.6  4.5 kg/ha per growing season) represent some of
the first estimates of hyphal production rates in temper-
ate hardwood forests. The annual hyphal production rate
observed in our study was remarkably similar to that of
an ECM-dominated temperate Pinus palustris forest in
Georgia, USA (hyphal production rate of 65 kg/ha per
growing season; Hendricks et al. 2006) but was nearly
three times lower than in ECM-dominated boreal pine
forests in Sweden (160 kg/ha per growing season;
Hagenbo et al. 2017). However, hyphal turnover rates
were similar between the temperate and boreal forests,
with our temperate forests averaging hyphal turnover
rates of 3.5 times per year (mean residence time of 67 d)
and boreal pine forests averaging hyphal turnover rates
of 3.2 times per year (residence time 55 d; Hagenbo
et al. 2017). The turnover rates in our temperate hard-
wood forests and the boreal pine forests were lower than
those reported in a subtropical longleaf pine forest in
Georgia, USA (turnover 10 times per year, residence
times of 28–52 d; Hendricks et al. 2016), and in a pine
plantation in North Carolina, USA (turnover 13 times
per year, residence time 28 d; Ekblad et al. 2016). How-
ever, because the latter two studies did not identify the
fungi in hyphal ingrowth bags through sequencing, it is
unclear if the data reported are exclusively ECM hyphae
or a mixture of ECM and other fungi. Although we did
not detect any differences in Dikarya hyphal turnover
rates across the mycorrhizal gradient, it is possible that
the saprotrophic and other fungi that grew into our
mesh bags turned over at the same rate as ECM hyphae
and/or that the lack of detection of AM hyphae in the
mesh bags influenced our results. Because previous stud-
ies were conducted in systems dominated by ECM fungi
(predominantly pines), it is unknown how the hyphal
production and turnover rates we determined here com-
pare to those of other mixed temperate hardwood for-
ests. Future work should aim to determine how hyphal
production and turnover rates vary in a greater diversity
of forests, with differing tree species and understory
composition, type of mycorrhizal association, geo-
graphic location, and environmental variables.
The absolute rates of Dikarya hyphal production, and
their contribution to soil C inputs, are likely underesti-
mated in our study (Appendix S2: Table S1), given the
lack of organic matter and nutrients in the sand-filled
bags, and the potential bias against short-distance and
contact ECM exploration types (e.g., Russula). Values
from ingrowth bags containing both sand and soil
(Appendix S2: Table S4) were an order of magnitude
greater (mean 20.4  3.9 g Cm−2yr−1 in AM plots and
32.6  5.0 g Cm−2yr−1 in ECM plots) than in the
sand-only ingrowth bags (mean 1.99  0.33 g Cm−2-
yr−1 in AM plots and 3.30  0.33 g Cm−2yr−1 in
ECM plots; Appendix S2: Table S1), which is compara-
ble to Swedish pine forests (where most ingrowth bag
studies have been conducted) in which extraradical
mycelia was estimated to contribute 16–42 g Cm−2yr−1
(reviewed in Ekblad et al. 2013).
Shifts in ingrowth bag community composition correlate
with hyphal production and extracellular enzyme activities
We found a significant correlation between fungal
community composition and hyphal production in the
ingrowth bags, suggesting that the shifting species com-
position underpin changes in mycelial biomass produc-
tion across mycorrhizal gradients. Although we used a
correlative approach to identify potential drivers of
hyphal dynamics, the use of replicated mycorrhizal gra-
dients enabled us to find clear and consistent differences
in the fungal communities of Basidiomycota, Ascomy-
cota, and Mucoromycota associated with AM- or ECM-
dominated hardwood forest plots. The replicated mycor-
rhizal gradients have previously shown consistent and
strong patterns for key biogeochemical processes such as
C cycling (Craig et al. 2018), N cycling (Phillips et al.
2013, Craig et al. 2019) and P cycling (Rosling et al.
2016), as well as enzyme stoichiometry (Cheeke et al.
2017). The distribution of functional groups also dif-
fered between the AM and ECM forest plots, providing
support for our second hypothesis; ingrowth bags from
the ECM-dominated forest plots had the highest propor-
tion of ECM fungi, while ingrowth bags from the AM-
dominated plots had more saprotrophic fungi, putative
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endophytes, and plant pathogens, reflecting the soil fun-
gal community (supporting our third hypothesis). The
higher proportion of ECM fungi may be also partly
responsible for the greater biomass production we
observed in plots dominated by ECM-associated tree
species. The higher proportion of Russula spp. in soil
may reflect a bias of the ingrowth bags against short-dis-
tance and contact exploration types, whereas higher
Atheliales in soil than ingrowth bags may reflect their
preference for organic-rich soils.
Additionally, enzyme activities in ingrowth bags were
positively correlated with increasing percentage of
ECM-associated tree species, and there was higher
investment in the degradation of N-containing com-
pounds in ECM-dominated plots, consistent with previ-
ous studies (Brzostek et al. 2015, Cheeke et al. 2017).
The enzyme activity profiles inside the ingrowth bags
appear to mirror those in soil (Cheeke et al. 2017), con-
firming our fourth hypothesis and suggesting that low
N availability in ECM plots (Phillips et al. 2013, Craig
et al. 2019) may constrain the activities of all microbes
(free living and symbiotic) in ECM dominated plots.
Because NAG activity is involved in the recycling of
chitin, it could be associated with a shift in N source
from inorganic to hyphal biomass. Increases in NAG
activity across the gradient could also reflect increasing
ECM fungal biomass in ECM- relative to AM-domi-
nated plots, as suggested by a recent girdling experi-
ment. In a nearby forest (Moores Creek, Indiana,
USA) when trees were girdled, NAG activity in the rhi-
zosphere of ECM-associated tree species decreased by
40% but there was no effect on NAG activity in the rhi-
zosphere of AM-associated trees (Brzostek et al. 2015).
Finally, the higher abundance of certain ECM species,
such as C. geophilum, in ECM plots compared to AM
plots, may slow the recycling of C and N in soil, given
that the melanized cell walls of this taxa are relatively
resistant to decay (Fernandez and Koide 2014, Beidler
et al. 2020). Thus, variation in the relative abundance
of the dominant fungal taxa in AM vs. ECM forest
plots could have important consequences for ecosystem
C balance in temperate systems with co-occurring tree
species.
Methodological considerations: Contributions of
mycorrhizal hyphae to hyphal ingrowth
In these temperate hardwood forests our PacBio
sequencing results showed that the ingrowth bags were
colonized by a diverse fungal community, with a large
proportion of saprotrophic fungi and other functional
groups present, in contrast to previous studies of ECM-
dominated coniferous forests (e.g., Hagenbo et al. 2018).
Although ECM fungi were overrepresented in the
hyphal ingrowth bags incubated in the ECM-dominated
plots (37.5%) compared to soils (25.8%), they did not
dominate in any of the ingrowth bags. In addition, AM
fungal communities were not detected in our study, even
in plots dominated by AM-associated tree species, sup-
porting the findings of Rosling et al. (2016), who used
the same primer set to characterize fungal communities
in a nearby forest (Moores Creek, Indiana, USA). The
methods we used here (esterified ergosterol and ITS2
amplicons) were selected to target Dikarya and are not
generally used for quantifying the biomass or commu-
nity composition of AM fungi. However, the gITS7 pri-
mer has successfully captured AM fungi in at least one
study (Osborne et al. 2018). Thus, it is also possible that
AM fungal communities were not detected in our study
because AM fungi are not abundant (in terms of DNA)
relative to other fungal taxa in our plots (Maeda et al.
2018, Lofgren et al. 2019), AM fungi may not preferen-
tially colonize sand-filled mesh bags (Wallander et al.
2013), or because we excluded roots from ingrowth bags,
which may contain higher concentrations of AM fungal
DNA compared to soil or sand. An additional factor
that may have limited detection of AM fungi is the
placement of ingrowth bags near the soil surface, where
AM fungi are less common (Carteron et al. 2020).
Future studies in mixed AM/ECM forests may benefit
from using a second set of primers to specifically target
the LSU or SSU rRNA gene to capture the AM fungi.
However, when we used the AM fungal primer pair
AML1/AML2 (Lee et al. 2008) to amplify the SSU
rRNA gene in soil samples collected from these plots in
a previous study, amplification of AM fungal DNA was
also very low (Cheeke et al. 2017). Moreover, when AM
fungal biomass was measured from hyphal ingrowth
cores harvested from a nearby temperate forest (Moores
Creek, Indiana, USA) using PLFA, M. G. Midgley and
R. P. Phillips (unpublished data) found that although
AM-dominated stands had 44% more AM fungal bio-
mass than ECM plots (16:1ω5; PLFA biomarker for
AM fungi), the total amount of AM fungal biomass
detected overall was very small. This supports findings
from soil collected across the mycorrhizal gradients in
two of the forests studied here (Griffy Woods and Lilly-
Dickey Woods, Indiana, USA), in which 16:1ω5 concen-
trations were also fairly low, even in the plots dominated
by AM-associated tree species (see Fig. S4 in Cheeke
et al. 2017). Thus, even if our methods had measured the
AM fungal biomass in the present study, it is likely that
it would have been much lower than the Dikarya bio-
mass detected in these plots.
By using the same analytical method (esterified ergos-
terol) to estimate standing fungal biomass in the soil of
these plots (Cheeke et al. 2017) and in the hyphal
ingrowth bags in the present study, we were able to deter-
mine that the variation in standing Dikarya biomass
across the mycorrhizal forest gradient was driven by
higher rates of Dikarya production rather than by
slower rates of Dikarya hyphal turnover. However,
because ergosterol is variable or absent in many AM
fungi (Olsson et al. 2003), the relative contribution of
AM fungi to hyphal production and turnover rates
across the gradient remains unknown.
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CONCLUSION
We show that variation in standing Dikarya biomass
in the temperate hardwood forests of the Midwestern
USA is driven by higher rates of Dikarya hyphal pro-
duction in ECM-dominated relative to AM-dominated
plots, rather than by differences in Dikarya hyphal turn-
over rates. Hyphal production was significantly related
to total fungal community composition, which clearly
differed between plots dominated by AM- and ECM-as-
sociated tree species. Based on these and earlier results
from the same forests, we hypothesize that ECM fungi
contribute more to biomass production that the sapro-
trophic fungi. This is also in line with the results
reported by Hagenbo et al.(2018) in a northern pine for-
est. Higher Dikarya biomass in ECM plots across the
mycorrhizal forest gradient was correlated with
increased activity of enzymes involved in N acquisition
in ECM relative to AM-dominated plots. Taken
together, our results demonstrate that shifts in the domi-
nant mycorrhizal association of temperate tree species
can have strong impacts on soil fungal community struc-
ture and hyphal dynamics in soil, which may impact soil
C storage in both the short-term and long-term. This
work improves understanding of the complex linkages
among tree species composition, fungal community
composition, and activity that is increasingly important
for accurately predicting the impact of range shifts on
soil processes and soil C storage.
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Manzoni, M. Mölder, A. Ekblad, and P. Fransson. 2019. Car-
bon use efficiency of mycorrhizal fungal mycelium increases
during the growing season but decreases with forest age
across a Pinus sylvestris chronosequence. Journal of Ecology
107:2808–2822.
Hagenbo, A., J. Kyaschenko, K. E. Clemmensen, B. D. Lindahl,
and P. Fransson. 2018. Fungal community shifts underpin
declining mycelial production and turnover across a Pinus
sylvestris chronosequence. Journal of Ecology 106:490–501.
Hart, M. M., K. Aleklett, P. L. Chagnon, C. Egan, S.
Ghignone, T. Helgason, Y. Lekberg, M. Opik, B. J. Pickles,
and L. Waller. 2015. Navigating the labyrinth: a guide to
sequence-based, community ecology of arbuscular mycor-
rhizal fungi. New Phytologist 207:235–247.
Hendricks, J. J., R. J. Mitchell, K. A. Kuehn, and S. D. Pecot.
2016. Ectomycorrhizal fungal mycelia turnover in a longleaf
pine forest. New Phytologist 209:1693–1704.
Hendricks, J. J., R. J. Mitchell, K. A. Kuehn, S. D. Pecot, and S.
E. Sims. 2006. Measuring external mycelia production of
ectomycorrhizal fungi in the field: the soil matrix matters.
New Phytologist 171:179–186.
Huson, D. H., S. Mitra, H. J. Ruscheweyh, N. Weber, and S. C.
Schuster. 2011. Integrative analysis of environmental
sequences using MEGAN4. Genome Research 21:1552–1560.
Ihrmark, K., et al. 2012. New primers to amplify the fungal
ITS2 region—evaluation by 454-sequencing of artificial and
natural communities. FEMS Microbiology Ecology
82:666–677.
Jo, I., S. Fei, C. M. Oswalt, G. M. Domke, and R. P. Phillips.
2019. Shifts in dominant tree mycorrhizal associations in
response to anthropogenic impacts. Science Advances 5:
eaav6358.
Johnson, D. J., K. Clay, and R. P. Phillips. 2018. Mycorrhizal
associations and the spatial structure of an old-growth forest
community. Oecologia 186:195–204.
Keller, A. B., and R. P. Phillips. 2019. Leaf litter decay rates dif-
fer between mycorrhizal groups in temperate, but not tropi-
cal, forests. New Phytologist 222:556–564.
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